A plasma bubble is an earthward-moving flux tube in 33 which the entropy parameter PV 5/3 has a lower value than 34 its surroundings [e.g., Sergeev and Lennartsson, 1988 ; 35 Pontius and Wolf, 1990; Birn et al., 2004] . Here P is the 36 plasma pressure and the volume of a unit magnetic flux, V, 37 is given by
39 where ds is the infinitesimal length along the magnetic field 40 line and B is the magnetic field magnitude. When observed 41 in the plasma sheet beyond X GSM $ À10 R E , a bubble can 42 often be interpreted as a flow burst or bursty bulk flow
43
(BBF), which involves flow speeds exceeding 400 km/s
44
[e.g., Baumjohann et al., 1990; Angelopoulos et al., 1994; 45 Sergeev et al., 1996; Nakamura et al., 2001 ]. Closer to 46 Earth, flow speeds are typically observed to be lower.
47
Bubbles are thought to be generated by magnetic reconnec-48 tion in the near-Earth magnetotail [e.g., Hesse and Birn, 49 1991]. Other forms of current sheet disruption [e.g., Lui, 50 1994] during a substorm event can also generate bubbles 51 [Wolf et al., 2009] .
52
[3] Geosynchronous spacecraft often observe increases in result from bubbles that propagate earthward from the inner 58 plasma sheet to the inner magnetosphere [e.g., Lyons et al., 59 2003; Apatenkov et al., 2007] . This counterintuitive con- results. Lemon et al. [2004] showed that even strong [7] Using a time series of prescribed quasi-static magnet-121 ic fields, the RCM code self-consistently computes particle 122 drifts, electric currents, and electric fields to describe the 123 motion of multiple isotropic plasma ''fluids'' in the inner given in the review paper by Toffoletto et al. [2003] .
130
[8] On the basis of adiabatic drift theory for a plasma 131 with isotropic pitch angles, the RCM equations for evolu-132 tion of the plasma distribution are at a rate corresponding to one-third of the strong pitch angle 145 scattering rate [Wolf et al., 1991] . For locations in the RCM 146 modeling region at a given local time, the precipitating 147 energy flux poleward of the peak of the diffuse aurora was 148 not allowed to drop below half the peak value.
149
[9] The kinetic energy of an individual particle is given
The present simulation employs a total of 115 channels, 30 channel is related to the particle distribution function f s (l s )
where channel s represents invariant energies between l min 160 and l max . The total particle pressure is computed from
The Earth's dipole axis is assumed to be aligned with the 163 rotation axis and perpendicular to the solar wind velocity.
164
When applied in the magnetosphere, the electric field E in
165
(3) includes both potential and inductive electric fields [Vasyliunas, 1970] 197 whereb ion is the unit vector in the direction of the magnetic 198 field in the ionosphere. substantial increase in B z and the modest decrease in jB x j.
208
[11] The standard RCM does not accommodate dipole Figure 1d , the solid and dashed lines show, respectively, the 3-s data and the idealized form that we assumed in constructing our model. Figures 1b-1d indicate the location of the Geotail spacecraft in the GSM coordinate system.
216 direction of the current sheet normal, we first convert to 217 GSW (Geocentric Solar Wind) coordinates (x opposite to 218 solar wind velocity, dipole in the xz plane) [Hones et al., 219 1986; Tsyganenko et al., 1998 ]. We then use the formulae of 220 Tsyganenko and Fairfield [2004] to estimate the shape of 221 the current sheet, for calculation of the normal.
222
[12] Figure 1d shows our estimate of B n , obtained using 223 the normal vector computed as described above. [Tsyganenko, 1989; 235 Tsyganenko and Stern, 1996; Tsyganenko and Sitnov, 2005] . 236 We were unable, however, to find any Tsyganenko magnetic 237 field model capable of producing a B n value nearly as low 238 as 4.8 -8.3 nT at x = À9 R E , y = 0, for anything like the solar 239 wind and geomagnetic conditions that existed during the 240 growth phase of the 22 July 1998 substorm. One approach 241 to solving this common problem has been developed by 242 Pulkkinen et al. [1991a 242 Pulkkinen et al. [ , 1991b 242 Pulkkinen et al. [ , 1992 . Using that approach, 243 which involves thinning and intensifying the Tsyganenko 244 current sheet in the critical region and also adding a new 245 current sheet, we were easily able to fit the observed low 246 values of B n , but at the cost of significant violations of the 247 force-balance condition.
248
[14] A most crucial parameter for driving these RCM simu-249 lations is the entropy parameter PV 5/3 , which can be written
251 where l is the length of the field line, and h1/Bi is the field 252 line average of 1/B. When we adjusted Pulkkinen's 253 parameters for consistency with the low Geotail-measured 254 value of B z , the jB x j values near the top and bottom of the 255 plasma sheet and h1/Bi were too large for consistency with 256 Geotail-measured particle pressures. This inconsistency 257 between the model-estimated average h1/Bi and the 258 measured P caused the ratio on the right side of (10) to 259 be unrealistically small.
260
[15] Kubyshkina et al. [1999 Kubyshkina et al. [ , 2002 Tsyganenko model.
271
[16] Our approach is to add a correction 307 dipolarized region.) The magnetic field of the SCW is 308 calculated following a method originally presented by 309 Tsyganenko [1997] . This scheme is based on simple, flex-310 ible analytic expressions that represent the magnetic field 311 due to a combination of two fuzzy wires that are circular 312 (before stretching) to represent rapid near-Earth field dipo-313 larization during substorm expansion phase. The code uses 314 the following five adjustable parameters to describe the two 315 fuzzy wire loops: total electric current amplitude coefficient 316 A, wire initial radius R 0 , stretch amplitude AL, stretch-scale 317 length R s (>R 0 ), and wire inclination angle with respect to 318 the equatorial plane g (<p/2). In the growth phase, A = 0 and 319 thus the SCW field is zero. Beginning at the end of the 320 growth phase (0655 UT), A begins a linear increase from 0 321 to 220 in 5 min. After 0700 UT, A is held constant at 220. 322 Note that A = 100 yields about +10 nT field disturbance 323 inside the SCW. The other parameters are held constant 324 through the event: R 0 = 6.0 R E , AL = 0.5, R s = 12.0 R E , and 325 g = 1.0 rad. These parameters were chosen to best fit the 326 observed data from Geotail, GOES-8, and GOES-9.
327
[18] Figure 1d shows the computed values of B n versus 328 UT for both the growth and expansion phases. Within the 329 RCM modeling region, the T89GS model, augmented by 330 the SCW, is able to reproduce both the highly stretched 331 precollapse magnetic field configuration and the subsequent 332 postcollapse dipolarized configuration. Figure 3 illustrates the dramatic changes in the 335 evolution of the magnetic field on the equatorial plane in 336 the 5-min field dipolarization interval. At 0655 UT, the field 337 is highly stretched in the tail region, for several on either side 338 of midnight. After the expansion phase onset, the field inside 339 the current wedge becomes dipolarized, while outside the 340 wedge, the field remains stretched and tail-like across the 
373
[22] An important limitation of our magnetic field mod-374 eling of this event is that we have not attempted to represent Figure 3 . Snapshots of the simulated magnetic field z component (B z ) on the equatorial plane from 0655 to 0700 UT of 22 July 1998. In each snapshot, dayside is on the left and dawn is at the top. The location of geosynchronous orbit, i.e., r = 6.6 R E , is denoted by the solid white circle. The overplotted black contour lines indicate the ionospheric magnetic latitudes every 1°; the lowest plotted is 65°latitude. The RCM modeling region is shown. The irregularity of the boundary is an artifact that occurs because the boundary is not aligned with a grid line.
375 the expansion of the current wedge or the bubble in local 376 time. That will be left to future substorm simulations. Our 377 emphasis here has been on modeling the inner magneto-378 spheric effects of substorm onset and the earliest part of the 379 expansion phase. Magnetic field measurements at GOES- 9, 380 located about 2 h before local midnight at onset, showed 381 magnetic field stretching and dipolarization with a signifi-382 cant time delay compared to Geotail. We take that as [23] Figure 5 shows selected RCM input parameters, 389 based on solar wind measurements. Note that the polar 390 cap potential drop was fairly low throughout the modeled 391 period, because the IMF B z was northward or weakly 392 southward. The Kp index, which is used as an input to 393 the magnetic field model, equals 1. from the ACE spacecraft [Weimer et al., 2003; Weimer, 403 2004] and transformed into the GSM coordinate system. E 404 is taken to be 0 when the IMF B z > 0 and V sw jB z j when B z < 0.
405
The first (merging) and second (viscous interaction) terms 
412
[25] The electric potential distribution along the RCM's 413 poleward boundary is given by
where (12) . From 0655 to 0730, the 462 bubble boundary is set by a procedure similar to that used 463 by Zhang et al. [2008] . Inside the bubble, which is located 464 between 2200 and 0200 LT, PV 5/3 is decreased smoothly to 465 the values obtained at the Geotail location and minimized at 466 midnight. Outside the bubble, PV 5/3 is held the same value 467 as before the substorm onset, i.e., before 0655 UT. 
535
Matching the Geotail data required employment of a novel 536 method for forcing the inputted magnetic field model to 537 agree with Geotail-measured magnetic fields and particle 538 pressures. Inductive electric fields play an important role in 539 the injection process, and the theory behind their incorpo-540 ration in the RCM has been discussed in detail for the first 541 time. We have presented our procedure for utilizing the 542 approximate drift-invariant quantities nV and PV 5/3 inferred 543 from Geotail measurements to estimate the distribution 544 functions along the RCM's outer (high-L) boundary, as a 545 function of time through the event.
546
[32] Though these RCM simulations are quite complicat-547 ed and sophisticated in their way, they come nowhere near 548 matching the richness and complexity of a real substorm. 549 They still employ major simplifying assumptions, which are 550 detailed in the concluding section of the Zhang et al. [2009] 551 paper. Nevertheless, the simulations provide a better 552 glimpse of the physical complexity of a substorm plasma 553 injection than has been available heretofore. The accuracy 554 of the simulations can only be judged by comparisons of 555 computed and observed physical features. Several interest-556 ing comparisons, but by no means an exhaustive set, are 557 described by Zhang et al. [2009] . [33] We neglect magnetic field changes in the ionosphere, 562 so that the electric field there can be represented as the 563 gradient of a potential. Each point in the ionosphere is 564 specified using Euler potentials a and b [Northrop and 565 Teller, 1960; Stern, 1970] , which are assumed not to vary in 566 time, for a fixed point in the ionosphere. Since the RCM 567 grid is also fixed in the ionosphere, each grid point is 568 characterized by values of a and b that do not change in 569 time. The Euler potentials are, by the definition (B = ra Â 570 rb), constant along magnetic field lines. The point where 571 the field line labeled by a and b crosses the equatorial plane 572 is given by x e (a, b, t). The explicit time dependence 573 represents the fact that the equatorial map of a fixed point 574 in the ionosphere moves in time if the magnetospheric 575 magnetic field changes.
576
[34] Applying the bounce-averaged drift equation (3) in 577 the ionosphere, where E = ÀrF, gives
578 where, assuming isotropic pitch angles,
581 We have written the potential in a frame that does not rotate 582 with the Earth. By expressing it as a function just of a, b, 583 and t, we are implicitly assuming that it is constant along 584 each field line; that is, we are assuming there are no field-585 aligned potential drops. (The argument can, however, be 586 generalized to include field-aligned potential drops.)
587
Expressing (A1) in terms of Euler potentials reduces it simply to [Northrop and Teller, 1960 ]
In the equatorial plane, we can write
Substituting (A3) plane where
where we have used (A2). It is clear that the second terms 600 on the right sides of (A5) and (A6) are equal, which implies that prime) in which [Stern, 1970] A 0 ¼ arb;
so that
620 The condition that there is no magnetic field-aligned electric 621 field is written
623 In this gauge, F 0 is not generally constant along a magnetic 624 field line. However, if we define the function
625 we find from (A10) that
628 which means that the function y is constant along a 629 magnetic field line.
630
[37] Now we make a standard gauge transformation
634 where L is chosen to satisfy
Equations (B1) and (B2) represent solutions to the 2-D
660
Grad-Shafranov force-balance equation (r 2 A = Àm o dp/dA) of the form [e.g., Voigt and Wolf, 1988] 
The vector potentials for jzj > D represent pressure-free 668 conditions where r 2 A = 0. Letting all parts of the vector potentials in (11) be in the y direction gives [40] The spacecraft is assumed to be sufficiently close to 698 the center of the current sheet that its measurements allow 699 estimation of the particle pressure and the normal compo-700 nent of B at the center of the sheet. The requirement that the 701 analytic expression (B2) be consistent with the z component 702 of magnetic field measured by the SC is written
704 The pressure measured at the SC is also required to match 705 the analytic model. Combining (B2), (B3), and (B5) gives
707 which, using (B13), can easily be solved for a o
708 Substituting (B14) in (B13) gives 
For the x dependence we set
This is a smooth function that has zero derivatives at 
773
[46] Because the T89 model has B z declining rapidly with 774 jxj beyond 9 R E , it is necessary for h also to decline rapidly 775 in that region, to avoid the formation of a near-Earth X line,
[47] Although the T89GS model was designed to be in 792 approximate force balance near Geotail, it is not guaranteed 793 to be in force balance anywhere else. Indeed, the rapid 794 falloff of h with distance from x = À9 guarantees significant 795 imbalance. Figure B1 compares the deviations from force 796 balance in three magnetic field models: the basic T89 model 797 for Kp = 1; the T89P model, which is a T89 model that we 798 modified to fit the magnetic field measured by Geotail using 799 the method of Pulkkinen et al. [1991a Pulkkinen et al. [ , 1991b Pulkkinen et al. [ , 1992 , and 800 the T89GS model described above. For a plasma in force Pulkkinen et al. [1991a Pulkkinen et al. [ , 1991b Pulkkinen et al. [ , 1992 , and (c) T89GS model are shown. Colors indicate force imbalance, while black curves are magnetic field lines. Spacing between field lines does not indicate field strength.
